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SUMMARY 
A simple model is d e r i v e d  f o r  t h e  r a d i a t i o n  damage of  shal low-junct ion gal l ium 
a r s e n i d e  ( G a A s )  s o l a r  cells. Reasonable  agreement i s  found  between  the  model  and 
s p e c i f i c  e x p e r i m e n t a l  s t u d i e s  o f  r a d i a t i o n  e f f e c t s  w i t h  e l e c t r o n  a n d  p r o t o n  beams. 
I n  p a r t i c u l a r ,  t h e  e x t r e m e  s e n s i t i v i t y  of t h e  c e l l  t o  p ro tons  s topp ing  nea r  t he  ce l l  
j unc t ion  i s  p red ic t ed  by t h e  model. The 1-MeV e l e c t r o n  e q u i v a l e n t - f l u e n c e  r a t i o  is  
dependent on proton energy and f luence level  for  monoenerget ic  proton beams. Angular 
f a c t o r s  are q u i t e  i m p o r t a n t  i n  e s t a b l i s h i n g  t h e  ce l l  s e n s i t i v i t y  t o  i n c i d e n t  p a r t i c l e  
types  and  energies .  A f luence  of i so t rop ic - inc idence  1-MeV electrons  (assuming 
i n f i n i t e  b a c k i n g )  is  e q u i v a l e n t  t o  f o u r  times the fluence of normal-incidence 1-MeV 
e l e c t r o n s .  S p e c t r a l  f a c t o r s  common t o  t h e  s p a c e  r a d i a t i o n s  are considered,  and 
cove r -g l a s s  t h i ckness  r equ i r ed  to  min imize  the  in i t i a l  damage f o r  a typical c e l l  
con f igu ra t ion  i s  ca l cu la t ed .  Rough equivalence  between  the  geosynchronous  environ- 
ment and an equivalent  1-MeV e lec t ron  f luence  (normal  inc idence)  is e s t a b l i s h e d .  
INTRODUCTION 
Gal l ium arsenide (GaAs) s o l a r  cells have  rece ived  cons iderable  a t ten t ion  because  
o f  t h e i r  p o t e n t i a l  u s e f u l n e s s  i n  high-power space-energy systems as w e l l  a s  s p e c i a l  
space-probe appl icat ions where high operat ing temperature  i s  a l i m i t i n g  f a c t o r  f o r  
s i l i c o n  s o l a r  c e l l s  ( r e f .  1 ) .  However, s p a c e  r a d i a t i o n  damage to t h e  G a A s  c e l l  may 
be a l i m i t i n g  f a c t o r  i n  E a r t h  o r b i t  above 2000 km and on  in te rp lane tary  miss ions  
u n l e s s  s u f f i c i e n t  s h i e l d i n g  i s  provided  to  keep  damage l e v e l s  w i t h i n  a c c e p t a b l e  
limits. Consequent ly ,   radiat ion damage s tudies  have  been  made ( r e f s .  2 t o  1 0 )  on t h e  
e f f e c t s  o f  p ro ton  and  e l ec t ron  i r r ad ia t ion ,  i nc lud ing  de fec t  cha rac t e r i za t ion  and  
anneal ing.  Since damage e f f e c t s  are n o t  g e n e r a l l y  a d d i t i v e ,  t h e  combined e f f e c t s  o f  
e lectron and proton exposure,  as w e l l  a s  a n g u l a r  a n d  s p e c t r a l  f a c t o r s ,  a r e  n o t  known 
from the   ava i l ab le   expe r imen ta l   da t a   base   ( r e f s .  2, 5,  and 6 ) .  To determine  design 
pa rame te r s  fo r  a spec i f ic  space  envi ronment ,  ex tens ive  labora tory  tes t ing  or  a model 
of t h e  e f f e c t s  of t h e  s p e c i f i c  r a d i a t i o n  components on t h e  c e l l  performance is  
required.  Within the context  of  a d e t a i l e d  model, t he  ques t ion  of a d d i t i v i t y  of 
s p e c i f i c  r a d i a t i o n  components can be adequately understood, and the cell  performance 
can  be  eva lua ted  under  appropr ia te  space  envi ronmenta l  condi t ions .  
E a r l i e r  models f o r  e l e c t r o n  r a d i a t i o n  damage assumed t h e  d e f e c t s  t o  b e  p r o d u c e d  
un i fo rmly  th roughou t  t he  ce l l  volume and modeled t h e  c e l l  p e r f o r m a n c e  i n  terms of 
ce l l - ave raged  d i f fus ion  l eng ths  o f  t he  minor i ty  ca r r i e r s  ( r e f s .  2 t o  4 ) .  However, 
f o r  low-energy protons,  defects  are  not  produced uniformly throughout  the cel l  vol-  
ume. Thus, t h e r e  i s  a s p e c i f i c  d e p e n d e n c e  o f  c e l l  e f f i c i e n c y  on proton energy.  
C o n s e q u e n t l y ,  t h e  p r e s e n t  r e p o r t  t r e a t s  t h e  g e o m e t r i c  d i s t r i b u t i o n  of t h e  d i s p l a c e -  
ment damage i n  d e t a i l ,  and ce l l  pe r fo rmance  i s  eva lua ted  i n  terms o f  t h e  c e l l -  
a v e r a g e d  m i n o r i t y - c a r r i e r  r e c o m b i n a t i o n  p r o b a b i l i t y  i n  d i f f u s i o n  t o  t h e  c e l l  j u n c -  
t i o n .  me average of t he  minor i ty  r ecombina t ion  p robab i l i t y  ove r  t he  ce l l  ac t ive  
r eg ion  we igh ted  acco rd ing  to  the  so l a r - ave raged  pho toabso rp t ion  r a t e  i s  u s e d  t o  esti- 
mate the decrement  i n  t h e  s h o r t - c i r c u i t  c u r r e n t .  
PROTON  DEFECT  FORMATION 
Atomic displacements  caused by proton impact wi th  atomic n u c l e i   r e s u l t   i n   c r y s -  
t a l  d e f e c t s  as i l l u s t r a t e d  i n  f i g u r e  1 .  The formation rate o f  t h e s e  d e f e c t s  is  
r e l a t e d  t o  F t u t h e r f o r d ' s  c r o s s  s e c t i o n  ( r e f .  1 1 ) :  
where a. i s  Bohr ' s   rad ius ,  % i s  Rydberg 's   constant ,  Z2  i s  the   a tomic  number  of 
t he   s t ruck   nuc leus ,  M~ i s  the   cor responding   nuc lear  mass number, E i s  t h e   p r o t o n  
k i n e t i c  e n e r g y ,  TD is  the  ene rgy  r equ i r ed  to  d i sp l ace  the  nuc leus  f rom i t s  la t t ice  
s i t e ,  and Tm is  t h e  maximum e n e r g y   t r a n s f e r   i n   t h e   c o l l i s i o n .  Tm i s  given  by 
The d i sp lacemen t  c ros s  sec t ion  and  ave rage  ene rgy  t r ans fe r  fo r  p ro tons  in  G a A s  w i th  
z2  c 32 and M~ c 72.5 are  shown i n  f i g u r e s  2 and 3. The t h r e s h o l d   f o r   d i s p l a c e -  
ment r e q u i r e s   t h a t  TM >. TD. The f a c t  t h a t  TD = 9.5 e V  ( r e f .  12) i n s u r e s   t h a t   o n l y  
c l o s e  c o l l i s i o n s  r e s u l t  I n  d i s p l a c e m e n t ,  s o  t h a t  s c r e e n i n g  c o r r e c t i o n s  t o  t h e  
mthe r fo rd  fo rmula  a re  unimpor tan t  ( re f .  1 1 1 .  I f  t h e  a t o m i c  r e c o i l  e n e r g y  i s  s u f f i -  
c i e n t l y  l a r g e  ( T  >>  TD) ,  addi t iona l  d i sp lacements  can  be  produced  by t h e  r e c o i l i n g  
nucleus before coming t o  rest a t  a n  i n t e r s t i t i a l  s i te .  The average number o f  r e c o i l  
d i sp lacements  produced  by  one  in i t ia t ing  pro ton  co l l i s ion  event  is  given as  a func- 
t i o n  of t h e  maximum e n e r g y  t r a n s f e r  by 
( 2TD 
wi th  the  a s sumpt ion  tha t  ha l f  t he  r eco i l  ene rgy  p roduces  fu r the r  d i sp l acemen t s  and  
t h e  o t h e r  h a l f  i s  d i s s i p a t e d  i n  o t h e r  p r o c e s s e s  ( r e f .  1 1 ) .  These q u a n t i t i e s  a l l o w  
t h e  c a l c u l a t i o n  o f  t h e  number of  d i sp lacements  produced  per  un i t  d i s tance  t rave led  by  
a proton of  f ixed energy.  
In  passing through a c r y s t a l ,  most of the energy of a p ro ton  i s  t r a n s f e r r e d  t o  
o r b i t a l  e l e c t r o n s  (ref.  1 3 ) .  The p a t h  l e n g t h  t r a v e l e d  i n  coming t o  rest i s  found by 
f i t t i ng  the  da t a  o f  Ander sen  and  Z ieg le r  ( r e f .  13) as 
P ( E )  = O . 0 7 7 ~ ~ ' ~  + 1 . 1  25 X 10 -4 E 1.64 
2 
where E i s  i n  keV and P(  E) is  i n  p. As der ived   f rom  the  slowing-down theo ry ,  a 
unique value of k ine t i c  ene rgy  can  he  a s soc ia t ed  wi th  each  pos i t i on  a long  the  tra- 
j e c t o r y  o f  a proton. ??le pro ton  energy  as a f u n c t i o n  of t h e  d i s t a n c e  p y e t  t o  b e  
t r a v e l e d  b e f o r e  coming t o  rest i s  given by 
as determined by integrating the stopping-power data of Andersen and Ziegler 
( r e f .  1 3 )  . In t h e  p r o c e s s  of coming t o  rest, the  p ro ton  unde rgoes  mul t ip l e  
sca t te r ings  f rom a tomic  nuc le i ,  o f  which  a few r e s u l t  i n  d i sp l acemen t s .  Th i s  p rocess  
al ters e v e r  s o  s l i g h t l y  t h e  d i r e c t i o n  of motion of the  pro ton .  The depth of 
p e n e t r a t i o n  R ( E )  and   pa th   l ength  P ( E )  are  approx ima te ly   r e l a t ed   ( r e f .  1 3 )  by 
T h i s  r a t i o  i s  r e l a t e d  t o  t h e  a v e r a g e  d e v i a t i o n  i n  t h e  d i r e c t i o n  of motion and i s  most 
important  a t  low ene rg ie s .  The average  depth  of  pene t ra t ion  and  in i t ia l  energy  as 
re la ted  through equat ions  ( 4 )  and ( 6 )  can  be  approximated by 
There i s  no unique energy associated with a g iven  dep th  o f  pene t r a t ion  due  to  mul t i -  
p l e  s c a t t e r i n g .  However, the  average  energy  of pro tons  which  penet ra te  and  s top  a t  a 
depth x is  
E = 593x1 o ~ / ( x  + 3 . 7 1 ~ ~ 0 5 )  ( 8 )  
The p r e c e d i n g  q u a n t i t i e s  w e r e  u sed  to  de t e rmine  the  d i sp lacemen t  dens i ty  wi th in  a 
G a A s  c rys  t a  1. 
A proton  of  energy Eo i n c i d e n t  on t h e  f a c e  o f  t h e  c r y s t a l  t r a v e l s  a d i s t a n c e  
b e f o r e  coming t o  rest. After t r a v e l i n g  a d i s t a n c e  p the  energy w i l l  be   r educed   t o  
A t  t h i s  p o s i t i o n  p, t he  d i sp lacemen t  mean f r e e  p a t h  i s  
where n is  t h e  d e n s i t y  o f  s c a t t e r i n g  c e n t e r s  i n  t h e  c r y s t a l  ( 4 . 4 2  x 1 0 1 0 / p 3 ) ,  
and a D ( ~ )  i s  the   d i sp l acemen t  cross s e c t i o n   a v e r a g e d   f o r  G a A s  (M2 = 72.5 and 
2 2  = 32) .  %e average  number of  displacements  per u n i t  p a t h  l e n g t h  i s  
The use  o f  equa t ions  ( 1  0 )  and (1 2) allows appropriate p a r t i t i o n i n g  o f  t h e  p r o t o n  
ene rgy  in to  e l ec t ron ic  exc i t a t ion  and  d i sp lacemen t s  eve rywhere  a long  i t s  pa th .  
The number of  d i sp lacements  a long  the  pro ton  pa th  i s  r e l a t e d  t o  the  d i sp lacemen t  
damage i n  t h e  c r y s t a l .  For   normal   incident   protons of energy Eo on   t he   f ace   o f  a 
c r y s t a l ,  t h e  number of  displacements  a long i t s  p a t h  i s  given by equat ions ( 1  0 )  
and ( 1  2). However, by  the  time i t s  energy is  reduced t o  E, i t  h a s  p e n e t r a t e d  t o  a n  
average  depth x given by 
X = R ( E  1 - R ( E )  
0 
(1 3 )  
The pa th  l eng th  and  pene t r a t ion  dep th  are  r e l a t e d  t o  t h e  a v e r a g e  d i r e c t i o n  c o s i n e  
( re f .  14)  and  are  approximated  here  by  so lv ing  the  equat ion  i ( ~ )  = dP(E)/dR(E) 
us ing   equa t ions   (4 )   and  (6). In terms of p ( E ) ,  t h e   a v e r a g e  number of displacements  
per u n i t   d e p t h  i s  
- 
where x i s  found  from  equation (1 3 ) .  The e f fec ts  of m u l t i p l e  s c a t t e r i n g  a re  demon- 
s t r a t e d  i n  f i g u r e  4.  The r e s u l t s  o f  e q u a t i o n  (1  4)  €or the  ave rage  p ro ton  pa th  due  to  
m u l t i p l e  s c a t t e r i n g  ( s o l i d  l i n e )  a r e  compared w i t h  c a l c u l a t i o n s  n e g l e c t i n g  m u l t i p l e  
s c a t t e r i n g  ( d a s h e d  l i n e )  a c c o r d i n g  t o  e q u a t i o n  ( 1 2 ) .  The d i f f e rence  be tween  the  two 
curves  is  a measure of t he  f luc tua t ions  caused  hy  mul t ip l e  s ca t t e r ing .  
The t o t a l  number of displacements  formed along the path of a p r o t o n  w i t h  i n i t i a l  
energy Eo i s  
4 
The numer ica l  eva lua t ion  of  equat ion  (1  5 )  as Shawn i n   f i g u r e  5 i s  approximated by 
( E  < 0.64) 
0 
+ 350.4 (1 - 0.8236 Eo 0.01 6 log, (Eo) (0.64 < Eo < 20) (1  6) 
47.83 + 20.48 (1 + 3.246 X 10 Eo -3 0.721 1 l o 9  o( eo)  (20 < Eo)  
where t h e  e f f e c t i v e  t h r e s h o l d  d i s p l a c e m e n t  e n e r g y  f o r  t h e  p r o t o n  i s  0.64  kev. Q u a -  
t i o n  ( 1  5 )  w a s  a l so  eva lua ted  us ing  the  d isp lacement  theory  of  Lindhard ,  Schar f f ,  and  
S c h i o t t  (LSS) as d i s c u s s e d  i n  r e f e r e n c e  15. !the numerical  values  of  the LSS theo ry  
a n d  t h e  p r e s e n t  r e s u l t s  are i n  good  agreement. (See r e f .  9 . )  
ELECTRON DEFECT FORMATION 
One of t h e  s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  p r o t o n  a n d  e l e c t r o n  i n t e r a c t i o n  i s  
t h a t  r e l a t i v i s t i c  e f f e c t s  must b e  i n c l u d e d  i n  t h e  e l e c t r o n  i n t e r a c t i o n .  !the latt- 
McKinley-Feshbach ( r e f s .  1 6  a n d  1 7 )  r e l a t i v i s t i c  e l e c t r o n  s c a t t e r i n g  c r o s s  s e c t i o n  
l e a d s  t o  t h e  e x p r e s s i o n  
where T i s  t h e   e n e r g y   t r a n s f e r r e d   i n   t h e   c o l l i s i o n ,  r i s  t h e   c l a s s i c a l   e l e c t r o n  
r a d i u s ,  z 2  i s  the   a tomic  number of t h e   t a r g e t   a t o m ,  PC i s  t h e  r a t i o  of t h e  elec- 
t r o n   v e l o c i t y   t o   t h e   s p e e d   o f   l i g h t ,   a n d  a equa l s  Z2 /1  37. I n t e g r a t i o n   y i e l d s   t h e  
d i sp lacemen t  c ros s  sec t ion  shown i n  f i g u r e  2 and given by 
o D ( E )  = "2rc( @4 )[% 2 2 1 - 8 ~  Tm - 1 - f3 2 log(?) + 27ca@(? - I) - xa@ log(?)] ( 1  8) 
where t h e  maximum e n e r g y  t r a n s f e r  i s  
2E 
" ( E  + 2mc ) 2 Tm - 2 
M2C 
(19)  
and M2 i s  t h e  mass o f   t he  atom, m i s  t h e  mass o f   t h e   e l e c t r o n ,  TD i s  t h e   d i s -  
placement   threshold,   and c is  t h e  v e l o c i t y  o f  l i g h t .  I n  a c o l l i s i o n   b e t w e e n   a n  
e l e c t r o n  of  energy E and a n  atom, t h e  a tom  acqu i r e s   an   ene rgy   i n   excess   o f  TD f o r  
c r o s s   e c t i o n  bD(E) .  
5 
A r equ i r emen t   fo r   d i sp l acemen t   o f  a nucleus i s  t h a t  T > TD. '&e value  of  T~ 
used i n  d e r i v i n g  t h i s  model i s  9.5 e V  ( r e f .  1 2 ) .  '&e a v e r a g e  e n e r g y  t r a n s f e r  d u r i n g  
a c o l l i s i o n  i s  
Figure 3 i l l u s t r a t e s  t h e  d e p e n d e n c e  on e l ec t ron  ene rgy  o f  t he  ave rage  ene rgy  t r ans fe r  
be tween  an  e l ec t ron  o f  i n i t i a l  ene rgy  E and a g a l l i u m  o r  a r s e n i c  atom. If t h e  
ene rgy  t r ans fe r  T ( E )  > >  TD, addi t iona l  a tomic  d isp lacements  can  be produced by the 
i n i t i a l  r e c o i l i n g  n u c l e u s  b e f o r e  i t  comes t o  rest a t  a n  i n t e r s t i t i a l  o r  r e p l a c e m e n t  
s i te .  The average number of  recoi l s  caused  by  one  e l ec t ron  co l l i d ing  wi th  an  a tom i s  
given as a func t ion  of t he  ave rage  ene rgy  t r ans fe r  by 
assuming ha l f  the  recoi l  energy  produces  fur ther  d i sp lacements  and  assuming the  o ther  
h a l f  i s  d i s s i p a t e d  i n  o t h e r  p r o c e s s e s .  
The displacement  mean f r e e   p a t h  i s  
where n is t h e  d e n s i t y  o f  s c a t t e r i n g  c e n t e r s  i n  t h e  c r y s t a l  ( 4 . 4 2  x 1022/cm3) 
and a D ( ~ )  i s  t h e   d i s p l a c e m e n t   c r o s s - s e c t i o n   a v e r a g e   f o r  G a A s  ( M 2  = 72.5 and 
6 
z2  = 32).  'Ihe average number of  displacements  per un i t  pa th  l eng th  p roduced  by an  
e l e c t r o n   o f   i n i t i a l   e n e r g y  E is  
(TD < ? ( E )  < 2TD) 1 
The t o t a l  number of  d i sp lacements  produced  a long  the  pa th  of  an  e lec t ron  o 
energy E, i s  
where 
0.084 (260 < E < 1000 k e V )  
S(E)  = 
0.623 + 4.25 x 10-5E (1 000 < E < 10  000 k e V )  
f i n i t i a l  
(25)  
is the  stopping-power  formula (keV/pm) determined  from data i n  r e f e r e n c e  1 8 .  N u m e r -  
i c a l  e v a l u a t i o n  o f  t h e  d i s p l a c e m e n t  i n t e g r a l  c a n  be approximated by 
(E < 260  keV) 
-3.6 + 3.32 X 10 E + 3.58 exp(-1.094 X 10-3E) (260 < E < 1 0  000 keV) -3 I 
(26) 
Figure 5 i l l u s t r a t e s  t h e  d e p e n d e n c e  o f  atomic d i s p l a c e m e n t s  i n  G a A s  on i n i t i a l  elec- 
t ron  energy  as found from evaluat ion of  equat ion (24)  . 
I n  p a s s i n g  t h r o u g h  t h e  c r y s t a l ,  t h e  e l e c t r o n  i s  slowed down as it i n t e r a c t s   w i t h  
orbi ta l  e l e c t r o n s  a n d  atomic nucle i .  Us ing  da ta  f rom reference  18 ,  the  range  of  the  
e l e c t r o n  i n  G a A s  as a f u n c t i o n  o f  i n i t i a l  e l e c t r o n  e n e r g y  E i s  given by 
R(E) = 0 . 4 0 2 7 ~ ~  016 - 5.95 X 10-532 (27) 
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where R(E)  i s  i n  pm and E is  i n  keV. The e f f e c t s   o f   m u l t i p l e   s c a t t e r i n g  are 
n e g l e c t e d  i n  t h i s  f o r m u l a  for  R ( E )  b e c a u s e  m u l t i p l e  s c a t t e r i n g  o f  e l e c t r o n s  i s  
r e l a t i v e l y   u n i m p o r t a n t   i n   t h e   t h i n  G a A s  cel ls  t r e a t e d  h e r e i n .  
From t h e  same da ta  used  in  de t e rmin ing  the  r ange  formula, a f o r m u l a  f o r  t h e  
average energy of a n  e l e c t r o n  t h a t  p e n e t r a t e s  t o  a dep th  R a n d  s t o p s  i s  
A f t e r  p e n e t r a t i n g  t o  a depth  of  x w i t h i n  t h e  c r y s t a l ,  t h e  e l e c t r o n  e n e r g y  i s  g iven  
by 
Eo(x) = 2.217(R0 - + 2.25 X l ( r5(R0 - x l 2  
The e f f e c t  o f  t h e s e  r a d i a t i o n - i n d u c e d  d e f e c t s  o n  c e l l  performance i s  d i s c u s s e d  i n  t h e  
sect ion which fol lows.  
MINORITY-CARRIER RECOMBINATION 
It is  assumed t h a t  t h e s e  r a d i a t i o n - i n d u c e d  d i s p l a c e m e n t s  w i t h i n  t h e  c r y s t a l  f o r m  
r e c o m b i n a t i o n  c e n t e r s  f o r  t h e  m i n o r i t y  carriers of t h e  e l e c t r o n - h o l e  pairs produced 
by photon absorpt ion.  A minor i ty  carrier, once formed, undergoes thermal diffusion 
u n t i l  it is  trapped and recombines or is  s e p a r a t e d  a t  t h e  j u n c t i o n .  The root-mean- 
s q u a r e  d i s t a n c e  t r a v e l e d  i n  moving t o  a p o s i t i o n  a d i s t a n c e  L away f rom the  source  
p o i n t  i s  ( r e f .  1 9 )  
(30) 
I f  or i s  the   r ecombina t ion   c ros s   s ec t ion   and  L is t h e   d i s t a n c e   a l o n g   a n   a r b i t r a r y  
s t r a i g h t  l i n e  p a t h  t o  t h e  j u n c t i o n ,  t h e  f r a c t i o n a l  loss of pairs due to  r ecombina t ion  
i n  r e a c h i n g  t h e  j u n c t i o n  a l o n g  a f i x e d  d i r e c t i o n  i s  
f ( p )  = 
. 
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where i s  t h e   c o s i n e   o f   t h e   d i r e c t i o n   t o   t h e   j u n c t i o n ,   a n d  D v ( X )  is  t h e   d i s -  
p lacement  dens i ty .  Averaging  the  f rac t iona l  loss  over  a l l  d i r ec t ions  toward  the  
junc t ion  
r e s u l t s  i n  
where  summations  over a l l  spectral  and angular  components  are  implied.  Note that  
E ~ ( z )  is  t h e   e x p o n e n t i a l   i n t e g r a l   o f   o r d e r  2. 
The photoabsorpt ion r a t e  d e n s i t y  a t  a depth x w i t h i n  t h e  c e l l  f o r  t h e  s o l a r  
spectrum is  
where K i s  t h e   i n t e g r a t e d   f l u x   i n   t h e   a b s o r p t i o n  band,  and i s  the  photoabsorp-  
t i o n  c o e f f i c i e n t  a v e r a g e d  o v e r  t h e  s o l a r  s p e c t r u m  ( y 1.4 pn-7 1 .  'Ihe rate a t  which 
t h e  p h o t o c u r r e n t  i s  c o l l e c t e d  u n d e r  s h o r t - c i r c u i t  c o n d i t i o n s  i s  
where  qc( x) i s  t h e   n o r m a l   o r   p r e - i r r a d i a t e d   c o l l e c t i o n   e f f i c i e n c y ,   a n d  t i s  t h e  
dep th  o f  t he  ac t ive  r eg ion .  The no rma l  co l l ec t ion  e f f i c i ency  i s  known i n  terms of 
d i f fus ion  l eng ths ,  l i f e t imes ,  and  su r face  r ecombina t ion  ra tes  o f  t he  minor i ty  
carriers; e l e c t r i c  f i e l d s ;  a n d  c e l l  d imens ions  ( re f .  20) . 
To d e r i v e  a s i m p l e  e x p r e s s i o n  f o r  t h e  s h o r t - c i r c u i t  c u r r e n t  i n  a n  i r r a d i a t e d  
ce l l ,  the  fo l lowing  s impl i fy ing  assumpt ions  are made. F i r s t ,  it i s  assumed t h a t  t h e  
r ad ia t ion - induced  de fec t s  do  no t  g rea t ly  a l t e r  t h e  i n t e r n a l - c e l l  electric f i e l d s .  It 
is  f u r t h e r  assumed t h a t  t h e  r a d i a t i o n  d e f e c t s  m a i n l y  a l ter  t h e  c e l l  opera t ion  through 
change i n  t h e  m i n o r i t y - c a r r i e r  l i f e t i m e  i n  t h e  b u l k .  S u r f a c e  r e c o m b i n a t i o n  p l a y s  
only a s e c o n d a r y   r o l e   f o r   h e t e r o f a c e  cells. (See   r e f s .  2 and 3 . )  Viewing q (x) as 
a p r o b a b i l i t y  o f  c u r r e n t  c o l l e c t i o n  o f  a n  e l e c t r o n - h o l e  pair  produced a t  x, f t  is  
f u r t h e r  assumed tha t  t he  no rma l  co l l ec t ion  e f f i c i ency  and  the  r ecombina t ion  
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p r o b a b i l i t y  w i t h  r a d i a t i o n  d e f e c t s  are  s t a t i s t i c a l l y  i n d e p e n d e n t .  This independence, 
w h i c h  a l l o w s  t h e  p o s t - i r r a d i a t i o n  s h o r t - c i r c u i t  c u r r e n t  t o  b e  w r i t t e n  as 
f o r  w h i c h  t h e  f r a c t i o n a l  r e m a i n i n g  c u r r e n t  i s  
For a wel l -designed high-collection-efficiency s o l a r  ce l l ,  r) (x) i s  n e a r l y  spa- 
t i a l l y  i n d e p e n d e n t  o v e r  t h e  c e l l  a c t i v e  volume, so t h a t  f u r t h g r  s i m p l i f i c a t i o n  
r e s u l t s  i n  
which i s  used  throughout  the  remainder  of  the  present  work. 
EVALIJATION OF DEFECT SPATIAL D I S T R I B U T I O N  
C e n t r a l  t o  t h e  c a l c u l a t i o n  o f  r a d i a t i o n  e f f e c t s  as  o u t l i n e d  i n  t h e  p r e c e d i n g  
s e c t i o n  i s  e v a l u a t i o n  o f  t h e  i n t e g r a l  of t h e  d e f e c t  volume dens i ty .  This i n t e g r a l  i s  
r e l a t e d  t o  a cumula t ive  de fec t  func t ion  by 
D C ( X )  = [ DV(x' ) dx' (39) 
T h i s  q u a n t i t y  may b e  e v a l u a t e d  f o r  a f luence  $(Eo) of  no rma l ly  inc iden t  pa r t i c l e s  
of  energy Eo. This i s  accompl i shed   by   s imply   ca l cu la t ing   t he   pa r t i c l e   r e s idua l  
energy E ~ ( X )  a f t e r   p e n e t r a t i n g   t o  a depth x a n d   n o t i n g   t h a t  
10 
Since  Eo(x) i s  the   r e s idua l - ene rgy   func t ion   fo r   no rma l   i nc idence ,   t he   co r re spond ing  
r e s u l t   f o r   o b l i q u e   i n c i d e n c e  i s  
D C ( X )  = { D ( E ~ )  - D [ E ~ ( X / C O S  e ) ] }  +(E~) (41 
where 0 i s  t h e  a n g l e  o f  i n c i d e n c e  t o  t h e  n o r m a l  o f  t h e  s u r f a c e .  G e n e r a l i z i n g  for  a 
spectrum o f  p a r t i c l e s  a n d  i s o t r o p i c  i n c i d e n c e ,  
D C ( x )  = 2n Jo a0 J, d ( c o s  O ) { D ( E o )  - D[Eo(x/c0s 8 ) ] }  @(Eo) (4 2) 
where 4n+( Eo) i s  t h e  o m n i d i r e c t i o n a l  d i f f e r e n t i a l  f hence  spec t rum.  
COMPARISON W I T H  EXPERIMENT 
The geomet ry  o f  t he  so l a r  c e l l s  used i n  e x p e r i m e n t a l  tests ( r e f s .  5 and 6) i s  
shown i n  f i g u r e  6. The changes i n  t h e  c e l l  c u r r e n t  c o l l e c t i o n  e f f i c i e n c y  as g iven  by 
equat ion ( 3 8 )  were evaluated numerical ly  and a re  shown i n   f i g u r e  7 f o r  t h e  s o l a r - c e l l  
parameters shown i n  f i g u r e  6. S i n c e  t h e  p r o t o n s  f o l l o w  n e i t h e r  t h e  t r a j e c t o r y  o f  t h e  
a v e r a g e  p r o t o n  n o r  t h e  t r a j e c t o r y  i n  w h i c h  m u l t i p l e  s c a t t e r i n g  i s  neg lec t ed  ( f ig .  4 ) ,  
improvements were made by i n c l u d i n g  t h e  e f f e c t s  o f  m u l t i p l e  s c a t t e r i n g .  These 
e f f e c t s  were e s t ima ted  by  averaging  wi th  equal  weight  the  c e l l  damage f o r   t h e  t w o  
f u n c t i o n s  s h a m  i n  f i g u r e  4, i n  which some e f f e c t s  o f  d e v i a t i o n s  a b o u t  t h e  a v e r a g e  
t r a j e c t o r y  are  included.  I t  i s  c lear  tha t  an  unders tanding  of  the  low-energy  experi- 
m e n t a l  d a t a  r e q u i r e s  d e t a i l e d  m o d e l i n g  o f  m u l t i p l e  s c a t t e r i n g  e f f e c t s .  %e window 
thickness  parameters  which var ied from c e l l  t o  c e l l  i n  e x p e r i m e n t a l  tests ( r e f s .  5 
and 61, were assumed t o  be governed by a u n i f o r m  d i s t r i b u t i o n  i n  t h e  p r e s e n t  c a l c u l a -  
t i o n s .  The model r e s u l t s  a v e r a g e d  o v e r  t h e  window t h i c k n e s s  are  compared w i t h  s h o r t -  
c i r c u i t  c u r r e n t  m e a s u r e m e n t s  ( r e f s .  5 and 6) o f  i r r a d i a t e d  cel ls  shown i n  f i g u r e  7. 
The b e s t  v a l u e  o f  r e c o m b i n a t i o n  c r o s s  s e c t i o n  is  
a ~ 6 x 1 0  c m  -14 2 r (43) 
which i s  i n   f a i r  ag reemen t  wi th  the  e s t ima ted  ave rage  c ros s  sec t ion  
( or = 1.06 X IO-’ c m  ) determined  f rom deep- leve l  t rans ien t  spec t roscopy ( re f .  7 ) .  2 
The f r a c t i o n a l  s h o r t - c i r c u i t  c u r r e n t  r e m a i n i n g  a f t e r  1 MeV of e l e c t r o n  i r r a d i a -  
t i o n  i s  shown as a f u n c t i o n  o f  e l e c t r o n  f l u e n c e  i n  f i g u r e  8 .  The recombina t ion  c ross  
s e c t i o n  w a s  
-14 2 
O r  
= 4 x 10 c m  
1 1  
(44) 
and  ca l cu la t ions  were made f o r  two junc t ion  dep ths ,  namely 0.5 pn and 0.8 p. Also 
s h m n  i n  f i g u r e  8 are cor responding  exper imenta l  da ta  of  re ferences  3 and 21. The 
r e a s o n a b l e   c o n s i s t e n c y   o f   t h e   t h e o r y   f o r   v a s t l y   d i f f e r e n t  par t ic le  types  i s  
g ra t i fy ing .  
EQUIVALENT ELECTRON-FLUENCE CONCEPT 
I t  is customary i n  protect ion from mixed-radiat ion environments  to  develop con-  
cepts u n d e r  w h i c h  e f f e c t s  o f  r a d i a t i o n s  o f  d i f f e r e n t  q u a l i t y  may be combined t o  
a s c e r t a i n  t h e  t o t a l  e f f e c t  on device performance. From a n  e lec t ronic-device  s tand-  
po in t ,  t he  equ iva len t - e l ec t ron  f luence  i s  usua l ly  employed as the  combina t iona l  ru le .  
The e q u i v a l e n t  e l e c t r o n  f l u e n c e  is def ined  as t h a t  f l u e n c e  o f  e l e c t r o n s  o f  f i x e d  
energy (usual ly  1 MeV) which produces the same ef fec t  on the device performance as a 
particle f luence  of a par t icu lar  type ,  energy ,  and  f luence  level. The f luence  of  
e l e c t r o n s  4, equ iva len t  t o  a f luence  of  protons @ ( E  ) of energy E is  g iven  by 
P P  P 
where and Re a r e  t h e  d e v i c e  r e s p o n s e  f u n c t i o n s  f o r  p r o t o n  a n d  e l e c t r o n  damage 
( r e f .  22)  . I f  equat ion  (45)  i s  s a t i s f i e d ,  t h e  e q u i v a l e n t - f l u e n c e  r a t i o  may be  
def ined  as 
RP 
and  the  main u s e f u l n e s s  o f  t h e  c o n c e p t  r e q u i r e s  t h a t  rf (Ep)  no t  depend on  the  mag- 
n i t u d e  o f  I $ ~ ( E ~ ) .  The e q u i v a l e n c e  f o r  s o l a r  cel ls  i s  u s u a l l y  r e l a t e d  t h r o u g h  t h e  
m i n o r i t y - c a r r i e r  d i f f u s i o n  l e n g t h  f o r  w h i c h  t h e  e q u i v a l e n t - f l u e n c e  r a t i o  i s  expressed 
as t h e  r a t io  o f  t h e  damage c o e f f i c i e n t s  (refs. 10 and 22) .  The combined e f f e c t s  o f  
e lec t ron  and  pro ton  exposure  are then  
where @e and @ ( E  ) are t h e  mixed environmental  components. The s t rong   energy  
dependence  of  the  response  to  pro tons  a r i s ing  f rom s p a t i a l  nonuni formi ty  in  c e l l  
damage b r i n g s  i n t o  q u e s t i o n  t h e  u s e f u l n e s s  o f  t h e  c o n c e p t  o f  e q u i v a l e n t  e l e c t r o n  
f luence  ( re fs .  10  and  22) .  
P P  
The r e m a i n i n g  s h o r t - c i r c u i t  c u r r e n t  f o r  0.4-pm window cel ls  and 0.5-pn j u n c t i o n  
cells  as a funct ion of  proton energy and f luence i s  shown i n  f i g u r e  9. The 
equ iva len t - f luence  r a t io  w a s  ca lcu la ted  us ing  equat ions  (45)  and  (46)  for  1-MeV 
e l ec t ron - f luence   l eve l s  @e = 1.7 x electrons/cm2, 6.8 x 1015  electrons/cm2,  and 
2.3 X 1 01' electrons/cm2 a t  Isc/Is = 0.8, 0.5, and 0.2 (as  s e e n   i n   f i g .  8 f o r  
t h e  0.5-crrn j u n c t i o n  ce l l ) .  The resuf tzng   va lues   o f  r ( E  ) are shown i n   f i g u r e   1 0  
f o r  e a c h  of t he  th ree  f luence  l eve l s .  Fo r  the  equ iva len t - f luence  concep t  t o  be  
use fu l ,  t he  th ree  cu rves  must co inc ide  a t  a l l  p ro ton  ene rg ie s  as they do above 500 
keV. However, i n  t h e  p r o t o n  e n e r g y  r a n g e  50 t o  500 keV, where the ce l l  i s  extremely 
s e n s i t i v e ,  t h e  u s e f u l n e s s  o f  e q u i v a l e n t  e l e c t r o n  f l u e n c e  i s  g e n e r a l l y  l i m i t e d  by t h e  
s t rong  dependence  o f  t he  equ iva len t - f luence  r a t io  on t h e  damage leve l .  This  has  
f P  
1 2  
important consequences i n  terms o f  r a d i a t i o n  t e s t i n g ,  s i n c e  t h e  mixed environment 
g e n e r a l l y  must be s imulated t o   i n s u r e  a v a l i d  tes t  u n l e s s  t h e  b i v a r i a t e  e q u i v a l e n t -  
f l u e n c e  r a t i o  i s  adequately known. Cn t h e  o t h e r  h a n d ,  f o r  a given (f ixed)  environ-  
ment, test  procedures  could be e s t a b l i s h e d  t h r o u g h  t h e  u s e  o f  t he  p re sen t  mode l ,  fo r  
a given ce l l  type .  Thus ,  an  "equ iva len t "  e l ec t ron  f luence  cou ld  be  e s t ab l i shed  in  
the  r e s t r i c t ed  sense  o f  f ixed  env i ronmen ta l  componen t s .  
ANGULAR ISOTROPY EFFECTS 
The r a d i a t i o n   i n  space c a n ,  f o r  m o s t  p r a c t i c a l  p u r p o s e s ,  be cons ide red  i so -  
t rop ic ,  and  most r a d i a t i o n  models p r e s e n t  t h e  d a t a  as  the  omnid i r ec t iona l  f l uence .  
Such a n g u l a r  f a c t o r s  g e n e r a l l y  h a v e  g r e a t  i m p o r t a n c e  i n  r a d i a t i o n  p r o t e c t i o n  p r o b l e m s  
( r e f .  l o ) ,  a n d  s u c h  e f f e c t s  w i t h i n  t h e  c o n t e x t  o f  t h i s  simple model are eva lua ted  
he re .  %e r e l a t i o n s h i p  b e t w e e n  t h e  d e f e c t  d e n s i t y  d i s t r i b u t i o n  w i t h i n  t h e  ce l l  and 
ce l l  pe r fo rmance  hav ing  been  e s t ab l i shed ,  t he  de fec t  dens i ty  i s  now e v a l u a t e d  f o r  
i so t ropic- inc idence   monoenerge t ic   p ro tons   by   rep lac ing   $(E ) i n   equa t ion   (42 )   w i th  
a &funct ion.   Resul ts  are shown i n  f i g u r e  11. C l e a r l y ,   a n & l a r   i s o t r o p y   e f f e c t s  
show no  ma jo r  d i f f e rences  in  ce l l  s e n s i t i v i t y  a t  a l l  e n e r g i e s  a n d  f l u e n c e  l e v e l s ,  
a l though a g e n e r a l   i n c r e a s e   i n   r a d i a t i o n   r e s i s t a n c e  a t  t h e  l o w e s t  f l u e n c e  l e v e l s  i s  
apparent .  However, a t  t h e  h i g h  f l u e n c e  l e v e l s ,  t h e  s e n s i t i v i t y  i s  i n c r e a s e d  i n  t h e  
200-keV t o  1-MeV region.  A t  h i g h e r  e n e r g i e s  (E > >  1 MeV) ,  a n g u l a r  f a c t o r s  are  rela- 
t i v e l y  less impor t an t  because  o f  t he  h igh  pene t r a t ing  power of t he  p ro tons .  
I n  g e n e r a l ,  t h e  a n g u l a r  f a c t o r s  a r e  h e l p f u l  if f l u e n c e  l e v e l s  are  s u f f i c i e n t l y  
low t h a t  t h e  r e d u c e d  p e n e t r a t i o n  o f  low-energy p ro tons  a t  obl ique  angles  of  inc idence  
s e r v e s  t o  p r o v i d e  t h e  ce l l  wi th  added  pro tec t ion .  A t  h igh  f luence  l eve l s  and  f ixed  
energy ,  the  minor i ty-car r ie r  recombina t ion  ra tes  nea r  t he  end  o f  t he  p ro ton  tra- 
j e c t o r i e s  t e n d  t o  s a t u r a t e  f o r  n o r m a l  i n c i d e n c e ,  w h e r e a s  i s o t r o p i c  i n c i d e n c e  t e n d s  t o  
d i s t r i b u t e  t h e s e  d e f e c t s  more uniformly over  the ce l l .  This u n i f o r m  d i s t r i b u t i o n  
i n c r e a s e s  t h e i r  e f f e c t i v e n e s s  f o r  c e l l  damage, which i n  t u r n  a c c o u n t s  f o r  t h e  
inc reas$  c e l l  s e n s i t i v i t y  f o r  E > 200 keV (as shown i n  f i g .  1 1  f o r  
4 = 1 o protons/cm2). The s p e c t r a l   c h a r a c t e r i s t i c s   f o r   p e r f o r m a n c e   e v a l u a t i o n   i n  
sgace app l i ca t ions  mus t  still h e  c o n s i d e r e d  i n  t h e  p r o t e c t i o n  a g a i n s t  s p a c e  
r a d i a t i o n .  
Solar -ce l l  per formance  i s  l i k e w i s e  e v a l u a t e d  f o r  i s o t r o p i c - i n c i d e n c e  1 -MeV elec- 
t r o n s .  The r e s u l t s  a re  shown i n  f i g u r e  1 2  as a func t ion  o f  omnid i r ec t iona l  f l uence  
l e v e l  (0.5-pn j u n c t i o n  d e p t h  a n d  i n f i n i t e  b a c k i n g  i s  assumed). Comparison of fig- 
u r e  1 2  w i t h  f i g u r e  8 for  normal  inc idence  shows t h a t  a n  i s o t r o p i c a l l y  i n c i d e n t  
e l e c t r o n  i s  equ iva len t  t o  fou r  no rma l - inc idence  e l ec t rons .  C lea r ly ,  i so t rop ic  
inc idence  i s  a m o s t  i m p o r t a n t  f a c t o r  f o r  s p a c e  r a d i a t i o n  t e s t i n g .  
EFFECTS OF SPACE RADIATION ENVIRONMENT 
S p a c e  m i s s i o n s  t o  t h e  f r i n g e s  o f  t h e  g e o m a g n e t i c  f i e l d  a n d  i n t e r p l a n e t a r y  m i s -  
s i o n s  e x p e r i e n c e  t h e  y e a r l y  s o l a r - p a r t i c l e  f l u e n c e  d u r i n g  h i g h l y  s o l a r - a c t i v e  y e a r s  
( r e f .  23) o n  t h e  o r d e r  o f  
(48) 
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where Ep is  i n  keV and $p i s  i n  protons/cm . The r e m a i n i n g   s h o r t - c i r c u i t   c u r r e n t  
ca l cu la t ed  f rom equa t ions  (38 )  and  (48 )  as a func t ion  o f  cove r -g l a s s  t h i ckness  is  
shown i n  f i g u r e  13. It is clear t h a t  a n  u n s h i e l d e d  c e l l  would n o t  s u r v i v e  a major 
solar even t  and  r equ i r e s  a c o v e r  g l a s s  of abou t  25 I J ~  t o  i n s u r e  p e r f o r m a n c e  l e v e l s  t o  
w i t h i n  9 0  p e r c e n t  o f  t h e i r  i n i t i a l  v a l u e .  
2 
The  p ro tons  ( r e f .  24) t r apped  a t  geosynchronous  a l t i tude  (L = 6.6 E a r t h  r a d i i )  
are w e l l  approximated by 
r 
$ ( E  = 2.5 x 10 - 0 . 0 0 7 2 ~  + P P  P 
where i s  i n  protons/cm’-yr. The corresponding 
i s  
4P 
$e(E 1 = 4.5 x exp(-2.832 x 1 0  -3  e Ee 
?I P (49) 
y e a r l y  e l e c t r o n  f l u e n c e  ( r e f .  2 5 )  
(50) 
i n  electrons/cm2-yr. The s h o r t - c i r c u i t  c u r r e n t  r a t i o  i s  c a l c u l a t e d  f o r  e q u i v a l e n t  
1-, 5-, and 10-yr missions i n  t h e  t r a p p e d  e n v i r o n m e n t  w i t h  r e s u l t s  shown i n   f i g u r e  1 4  
as a func t ion  o f  cove r -g l a s s  t h i ckness .  Equa t ions  (48 )  to  ( 5 0 )  are  i n t e g r a t e d  f l u x  
and  mus t  be  d i f f e ren t i a t ed  fo r  u se  in  equa t ion  (42 ) .  A 15-pm g l a s s  c o v e r  i s  requ i r ed  
to  s top the geosynchronous t rapped protons.  Cover-glass  thickness  beyond 15 pm is  
i n e f f e c t i v e  f o r  p r o t e c t i o n  a g a i n s t  t h e  e l e c t r o n  e n v i r o n m e n t .  The e f f e c t s  o f  t h e  
geosynchronous trapped environment are combined wi th  a s i n g l e   l a r g e   s o l a r   e v e n t   i n  
f i g u r e  1 5  f o r  I - ,  5- ,  and  10-yr  missions. Lit t le improvement i n  c e l l  p r o t e c t i o n  i s  
ob ta ined  by having a c o v e r - g l a s s  t h i c k n e s s  i n  e x c e s s  o f  a b o u t  30 pm. 
CONCLUDING REMARKS 
A s i m p l e  m o d e l  f o r  t h e  s h o r t - c i r c u i t  c u r r e n t  r e d u c t i o n  i s  der ived  and  shown t o  
c o r r e l a t e  w e l l  ( t o  w i t h i n  0.15 o f  t h e  e x p e r i m e n t a l  s h o r t - c i r c u i t  c u r r e n t  r a t i o s )  w i t h  
energy-dependent proton and I-MeV e l e c t r o n  damage experiments.  The model u t i l i z e s  
t h e  d e f e c t  d e n s i t y  d i s t r i b u t i o n  w i t h i n  t h e  c e l l ,  which i s  i n t i m a t e l y  r e l a t e d  t o  t h e  
exposure environment. By u s i n g  t h e  model, t h e  s h o r t - c i r c u i t  c u r r e n t  r e d u c t i o n  f o r  a 
broad range of environmental  conditions may be  e s t ima ted  by c a l c u l a t i n g  t h e  c o r -  
r e s p o n d i n g  d e f e c t  d e n s i t y  d i s t r i b u t i o n .  ? h e  model s e r v e s  t o  b r i d g e  t h e  g a p  b e t w e e n  
l imi t ed  l abora to ry  t e s t ing  and  p red ic t ed  r e sponse  in  the  space  env i ronmen t .  
The protect ion against  the t rapped geosynchronous environment  provided by a 
c o v e r  g l a s s  i s  of l i t t l e  u s e  beyond = I 5  pm, b e c a u s e  t h e  h i g h l y  p e n e t r a t i n g  e l e c t r o n s  
canno t  be s topped  except  by very  th ick  g lass .  I f  a l a r g e  s o l a r  p r o t o n  e v e n t  o c c u r s ,  
a t o t a l  g l a s s  s h i e l d  of =30 pm must be provided. 
Langley Research Center 
Nat ional  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
November 16,  1983 
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SYMBOLS 
Bohr 's  radius ,  5.29 x 1 o - ~  p 
v e l o c i t y  o f  l i g h t ,  cm/sec 
t o t a l  number of d isp lacements  per particle of energy E 
real d e n s i t y  of defects, p 
number of  d i sp lacements  per u n i t  volume, p 
particle energy,  keV 
-2 
-3 
i n i t i a l  par t ic le  energy,  keV 
e x p o n e n t i a l  i n t e g r a l  of order 2 with argument z 
Rydberg' s cons t an t ,  13.6 e V  
r e s idua l  ene rgy  o f  par t ic le  o f  i n i t i a l  e n e r g y  o f  Eo a f t e r  p e n e t r a t i n g  t o  
depth  x,  keV 
e f f i c i e n c y  f u n c t i o n  f o r  d i f f u s i o n  t o  j u n c t i o n  a l o n g  d i r e c t i o n  d e f i n e d  
by I.1 
e f f i c i e n c y  f u n c t i o n  f o r  d i f f u s i o n  from dep th  x t o  j u n c t i o n  
s h o r t - c i r c u i t  c u r r e n t ,  amps 
t o t a l   p h o t o n   f l u x   i n   p h o t o c e l l   a b s o r p t i o n   b a n d  
d isp lacement  mean f ree  p a t h  f o r  par t ic le  of  energy E, pm 
m i n o r i t y - c a r r i e r  d i f f u s i o n  l e n g t h ,  pm 
mass o f  e l e c t r o n  
average  mass of gallium and  a r sen ic  nuc leus  
n u c l e a r  d e n s i t y  i n  G a A s  c r y s t a l ,  p 
d i s t a n c e  traveled a long  p ro ton  pa th ,  pm 
- 3  
p a t h  l e n g t h  of p ro ton  of energy E, pm 
i n i t i a l  particle p e n e t r a t i o n  d e p t h ,  pm 
minor i ty -a r r i e r  roo t -mean- squa re  d i s t ance  t r ave led  before 
recombination, pm 
classical e l e c t r o n  r a d i u s ,  m 
equiva len t - f   luence  r a t i o  
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R(E) average  projected  range of a proton of energy E, pm 
RO penetration  depth of a par t ic le  of i n i t i a l  energy Eo# pm 
R ~ (  solar-cell  response t o  electron  fluence 
R ~ (  solar-cell  response  toproton  fluence 
'e 
'P 
R t o t  p (41 , @e) solar-cell response to combined fluences of protons and 'P electrons 'e 
depth of active region, pm 
energy transferred to struck nucleus, eV 
displacement damage threshold, eV 
maximum energy transferred to struck nucleus, eV 
penetration depth into solar ce l l ,  pm 
junction depth, pm 
average charge number of GaAs nucleus 
fine structure constant, Z2/1 37 
r a t i o  of particle velocity to velocity of l i gh t  
photon absorption path length, p 
cell-charge collection efficiency for electron-hole pair produced a t  x 
angle of incidence of par t ic le ,  deg 
cosine of direction of diffusion i n  reaching junction 
average direction cosine of scattered proton of energy E 
average number of displacements formed by one particle-scattering event 
number  of displacements per u n i t  path length for particle of energy E, 
P" 
cell  collection efficiency for a normal unirradiated cell,  p 
nuclear scattering cross section, p 
displacement cross section for particle of energy E,  p 
recombination cross section, pm 
particle  fluence a t  energy cm-2 
-3  
2 
2 
2 
Subscripts: 
e electron 
P proton 
A bar over a symbol denotes an average. Prime denotes variable of integration. 
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Figure 1.- Defect formation by particulate radiation 
i n  a binary crystal. Defects shown a re  replacements, 
vacancies, and i n t e r s t i t i a l s .  
10-3 10-2 10-1 
E, MeV 
l o o  
Figure 2.- Displacement cross section for  energetic protons and 
electrons. 1 barn = 1 X 1 0-28 cm2. 
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Figure 3. -  Average e n e r g y  t r a n s f e r r e d  t o  
r e c o i l i n g   n u c l e u s .  
"_ Neglecting  multiple  scattering 
-Average proton  trajectory  with 
multiple  scattering 
E = 100 keV 
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Figure 4.- Displacement  dens i ty  for  a s i n g l e  
pro ton   pa th .  
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Figure 5.- To ta l  number o f  de fec t s  fo rmed  in  b r ing ing  
a p a r t i c l e   t o  rest i n  GaAs c r y s t a l .  
Light p contact\ ~ Llntireflecting (AR) coating 
1 IIITL"l Number of fingers = 24 
~~ AR coating: Ta20x 
P contact: Au-Zn-As 
P AlXGal-,As I D I (AIGa)As n  contact:  Au-Ge-Ni-As 
~~~ 
p GaAs 
"""~""~"" --- P AlXGal-,As: x L 0 , 8 5  
n GaAs t Cell size = 2 x 2 cm2 
_ _ _ _ _ _ _ _ _ _ _ _  ,---------~--- GaAs 0 , 6 p m  Z D 2 0,2 pm 
n+ GaAs xj = 0,4 pm 
t = 1 , 5 p m  
\ ~~ 
\ \ 
L p - n  junction L n co tact 
Figure 6.- G a A s  s o l a r - c e l l   s t r u c t u r e   u s e d   i n   p r e s e n t  model. 
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Figure 7.- Reduced short-circuit current for monoenergetic proton 
exposure at  three f luence levels .  
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Figure 8.- Reduced short-circui t  current  af ter  
1 MeV of electron exposure fo r  two junction 
depths. 
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Proton  fluence,  protons/cm' 
Figure 9.- Reduced s h o r t - c i r c u i t  c u r r e n t  f o r  
monoenerget ic  proton exposure for  0 . 5 - p  
j u n c t i o n  cells. 
IO5 F Isc'Isc,o 
Proton energy, keV 
Figure 10.- Equiva len t  e lec t ron- f luence  ra t io  f o r  a 
ce l l  with 0.5-p.m junc t ion  depth  wi th  a 0.4-pm 
A &Ga ,As window . 
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Figure 11.-  Reduced s h o r t - c i r c u i t  c u r r e n t  f o r  isotropic i n c i d e n t  
p r o t o n s  a t  t h r e e  f l u e n c e  levels. 
F igure  12.- Reduced s h o r t - c i r c u i t  c u r r e n t  € o r  
i s o t r o p i c a l l y  i n c i d e n t  1-MeV e l e c t r o n s  as a 
func t ion  of omnid i r ec t iona l  f l uence .  
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Figure  13. -  Reduced s h o r t - c i r c u i t  c u r r e n t  d u e  t o  
a l a r g e  s o l a r  e v e n t  o f  a c e l l  wi th  a O.5-pm 
j u n c t i o n  d e p t h  w i t h  a 0.5-pn A R l - x G a x A ~  window 
a s  a func t ion  of  cover -g lass  th ickness .  
i 
V 
v) - 
.8 
. 6  
, 4  
.2  
0 10 20 30 40 50 
Glass thickness, vm 
Figure 1 4 . -  Reduced s h o r t - c i r c u i t  c u r r e n t  of a cell 
wi th  0.5-pn junc t ion  dep th  wi th  a 0.5-pn 
AR1 -,Ga,As window as a func t ion  of  cover -g lass  
thickness  in  geosynchronous environment .  
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Figure 15.- Reduced s h o r t - c i r c u i t  c u r r e n t  o f  a c e l l  wi th  a 
0.5-pn j u n c t i o n  d e p t h  w i t h  a 0 . 5 - p  A,%,,GaxAs window 
a s  a f u n c t i o n  of c o v e r - g l a s s  t h i c k n e s s  i n  combined 
geosynchronous and solar cosmic-ray environment. 
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